Background: Lipid-based formulations of amphotericin B (LF-AMB) are indicated for treatment of invasive fungal infections in patients intolerant to conventional amphotericin B (CAB) or with refractory infections. Physicians still may choose to administer CAB to such patients. We described the use of CAB and LF-AMB in this population and quantified differences in post-amphotericin B length of stay (LOS) among survivors and hospital mortality in matched patients. Methods: Data were extracted from Health Facts (Cerner Corporation, Kansas City, MO, USA) for a retrospective cohort analysis. Inpatients aged 18 years with evidence of fungal infection and with orders for LF-AMB or CAB on 2 days from January 2001 to June 2010 were identified. Patients were required to have renal insufficiency or other relative contraindications to use of CAB, exposure to nephrotoxic agents, or evidence of a CAB-refractory infection. Multilevel (hierarchical) mixed-effects logistic regression was used to determine factors associated with initial exposure to LF-AMB versus CAB. Multivariate adjustment of outcomes was done using propensity score matching. Results: 655 patients were identified: 322 patients initiated therapy with CAB and 333 initiated treatment with LF-AMB. Compared to those initiating CAB, patients initiating LF-AMB had greater acuity and underlying disease severity. In unadjusted analyses, hospital mortality was significantly higher in the LF-AMB group (32.2% versus 23.7%; P = 0.02). After propensity score matching and covariate adjustment, mortality equalized and observed differences in LOS after amphotericin B initiation decreased. Conclusion: Among patients at risk for amphotericin B toxicity, differences between CAB and LF-AMB seen in crude outcomes analyses relate to channeling of sicker patients to initiate treatment with LF-AMB. Failing to account for differences among patients that drive clinical decision-making will result in inaccurate conclusions about the real-world effectiveness of different amphotericin B formulations.
Introduction and objectives
Amphotericin B is commonly the treatment of choice in invasive fungal infections (IFIs). Clinicians may choose among amphotericin B deoxycholate (conventional amphotericin B [CAB]) or a number of lipid-based formulations (LF-AMB), such as liposomal amphotericin B and amphotericin B lipid complex. Many factors influence the treatment decision, including the patient's current clinical condition and the potential to experience and/or tolerate adverse effects, cost of the drugs, and formulary specifications. The indications for LF-AMB, in part, include patients who are submit your manuscript | www.dovepress.com
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Campbell et al refractory to or intolerant of CAB therapy. 1, 2 This potential for toxicity associated with CAB -including infusionrelated reactions acutely, and nephrotoxicity associated with chronic use -and the lower risks associated with LF-AMB are well documented. [3] [4] [5] [6] [7] [8] [9] [10] However, in "real world" clinical practice, hospitals and/or physicians may reserve LF-AMB for the sickest patients and chance administering CAB to only the lower acuity patients perceived to be at low risk for adverse consequences. 11 These underlying differences in patients' clinical characteristics are likely to affect outcomes, potentially skewing the results of effectiveness research efforts.
Few real-world data are available on the use of CAB and LF-AMB and associated outcomes among patients with conditions precluding the use of CAB. Alvarez-Lerma et al conducted a subanalysis on 49 critically ill patients with elevated serum creatinine (greater than 1.5 mg/dL) at initiation of treatment in an observational study of liposomal AMB. 12 There was minimal effect on renal function, though overall in-hospital mortality was 67.3%. However, the study did not compare amphotericin B formulations in this population. The aims of the current study were to examine the use and outcome of CAB and LF-AMB therapies in patients with known renal disease or other potential contraindications to CAB and to determine factors associated with LF-AMB initiation vs (versus) CAB, using a large, multicenter database.
Methods
study design and data source
This was a retrospective cohort study using data collected from hospitals in the Health Facts electronic health record (EHR) database (Cerner Corporation, Kansas City, MO, USA). Cerner Corporation develops, implements, and supports EHR software for hospitals and health systems globally. US-based institutions using Cerner's comprehensive suite of solutions can opt to contribute their EHR data to a database for use in research and quality improvement initiatives. Health Facts contains a comprehensive clinical record for each encounter and includes pharmacy, clinical and microbiology laboratory, admission, and billing information from affiliated patient care locations. Clinical information is date-and time-stamped, providing a temporal relationship between clinical information relating to the drugs dispensed and the results of diagnostic laboratory testing. Cerner Corporation has established Health Insurance Portability and Accountability Act-compliant operating policies to establish deidentification for Health Facts.
Population selection
Patients were selected if they were hospitalized between January 2001 and June 2010, aged 18 years or older upon admission and had orders for LF-AMB or for CAB on 2 or more calendar days. Additional requirements to capture patients with conditions that may constitute a relative contraindication to the use of CAB were the presence of at least one of the following: evidence of renal insufficiency or other conditions and characteristics such as a history of organ transplant or advanced age (Appendix A), exposure to nephrotoxic agents during the index encounter (Appendix B), or CAB exposure within 90 days prior to the admission date (suggesting a CAB-refractory infection). Finally, evidence of infection with Aspergillus, Candida, and/or Cryptococcus during the index encounter or within 90 days prior to the index encounter was required, as indicated by a positive blood culture and/or relevant International Classification of Diseases, Ninth Revision, Clinical Modification (ICD-9-CM) codes as a discharge diagnosis. For patients with multiple eligible encounters in Health Facts, only the first encounter was considered.
Study group definitions and other measures
All patients had exposure to amphotericin B. The two study groups were defined by having a first amphotericin B order for CAB or for LF-AMB and were required to have an active order for this first formulation on at least 2 calendar days. Patients could have subsequent orders for the alternate amphotericin B formulation or for other antifungal agents. Patient clinical characteristics and comorbidities of interest were derived from administrative (eg, ICD-9-CM codes) and clinical (eg, pharmacy, laboratory) records of encounters within the previous 12 months, including the current encounter. The diagnosis-related group (DRG) classified the patient as surgical or medical. Evidence of impaired immune function comprised medications (eg, systemic corticosteroids, chemotherapy) and discharge diagnoses (eg, autoimmune diseases, certain malignancies). Organ dysfunction was identified within a 48-hour window surrounding the time of admission using measures modeled after and intended to equate to a Sepsis-related Organ Failure Assessment score 2. 13 Critical care exposure was defined as having two or more orders from an intensive care unit 12 or more hours apart, mechanical ventilation, or orders for vasopressors.
Predicting initial exposure
To determine the predictors most strongly associated with initial exposure to LF-AMB vs CAB, we used a multilevel (ie, 
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Outcomes associated with amphotericin B formulations hierarchical) mixed-effects logistic regression model structure with random intercepts at the hospital level to allow for the fact that the choice of drugs given to patients within each hospital (but not between hospitals) may not be independent (eg, influenced by hospital formulary).
14 To avoid including potential complications of amphotericin B use, we limited the candidate variables to chronic comorbidities and events that occurred prior to amphotericin B initiation. We also ensured that each potential predictor had face validity for affecting treatment choice. The final model was chosen based on a stepwise bootstrapping procedure 15 combined with an analysis of the Bayesian Information Criterion among nested models. 16 The influence of hospital on treatment choice was assessed using a likelihood ratio test for the significance of random intercepts.
Outcomes analysis
Outcomes of interest were length of stay (LOS) following the first order for amphotericin B (post-amphotericin B LOS) among survivors, and in-hospital mortality. Bivariate differences by amphotericin B type were assessed with either a chi-square test or a t-test, with P values 0.05 being considered statistically significant.
The primary analysis was performed using propensity score matching. Five patients with missing mortality data were excluded. A logistic regression model that adjusted for serial correlation at the hospital level was used to generate a propensity score with the outcome of initiation on CAB vs LF-AMB. The primary propensity score model included all possible predictors (Appendix C). Namely, patient demographics, comorbid conditions, encounter events, microbiology results, laboratory values prior to initiation of amphotericin B, and pre-amphotericin B LOS were included in the propensity score. Variables that showed colinearity were removed (and this was only true for hepatic organ dysfunction, which was collinear with laboratory measures of bilirubin or aspartate aminotransferase). Baseline total bilirubin and aspartate aminotransferase were defined as binary variables (normal vs abnormal) and missing values in these variables were assumed to be normal. For the small number of patients with missing values for mechanical ventilation (7.9%) or organ dysfunction (1.2%), ventilation or organ dysfunction was also assumed to be absent. For baseline serum creatinine, a univariate imputation sampling method was used, which predicted missing values based on all other predictor variables used in the propensity score. No other imputation was necessary.
The primary matching algorithm was kernel matching, a one-to-many approach in which patients with smaller propensity score differences were weighted more heavily in deriving matched estimates. Two sensitivity analyses were then done. 17 The first used the propensity scores based only on predictors that entered the model with a P value 0.25 after a stepwise regression procedure. In the second sensitivity analysis, a 5:1 greedy matching algorithm was applied to the non-parse-and stepwise-regression-based propensity scores.
nested variable analysis of mortality
To explore which categories of variables most explained differences in mortality between the CAB and LF-AMB initiator groups, we created a series of multilevel (ie, hierarchical) mixed-effects logistic regression models of increasing size. We sequentially added variables representing "chronic" to "acute" conditions. Namely, the variable order was demographics, chronic comorbidities, surgical vs medical DRG, laboratory values, and finally clinical variables indicating acuity. For each model, we present the odds ratio (OR) related to treatment choice (LF-AMB vs CAB) and its adjusted P value with 95% confidence intervals (CIs).
Results
Patient and clinical characteristics
A total of 655 patients from 53 hospitals were identified; 333 patients' first amphotericin B order was for LF-AMB and 322 were initiated on CAB. Of these, 81% and 70%, respectively, also received another systemic antifungal agent during their hospitalization. Fifty-three percent of patients were identified during the first half of the study period. Clinically, the cohorts were heterogeneous: LF-AMB patients were younger and more likely to be male, and had greater underlying disease severity (Table 1) . Mean Charlson Comorbidity Index score was higher among LF-AMB initiators, as was the frequency of several individual comorbidities: hematologic malignancy, solid tumor, human immunodeficiency syndrome or acquired immunodeficiency syndrome, and history of solid organ transplant. LF-AMB patients were far more likely to have any evidence of impaired immune function. During the hospital encounter itself, multiple measures of patient acuity were more common among LF-AMB initiators: organ dysfunction upon admission, bacteremia, diagnosis of sepsis, critical care use, and use of systemic corticosteroids or chemotherapy. Exposure to nephrotoxic drugs was similar across groups. More CAB initiators had an ICD-9-CM discharge diagnosis of candidiasis during the encounter, while more LF-AMB patients were diagnosed with aspergillosis. Rates of candidemia were similar submit your manuscript | www.dovepress.com
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Outcomes associated with amphotericin B formulations CaB, n = 296; lF-aMB, n = 305; d CaB, n = 223; lF-aMB, n = 238. Abbreviations: CAB, conventional amphotericin B; DRG, diagnosis-related group; HIV/AIDS, human immunodeficiency syndrome/acquired immunodeficiency syndrome; lF-aMB, lipid-based formulation of amphotericin B; sD, standard deviation.
across groups. CAB initiators were more likely to have a history of diabetes, hypertension, or heart failure and to have higher mean baseline serum creatinine values.
Predictors of lF-aMB initiation
We found several clinical factors that were significantly associated with starting LF-AMB rather than CAB (Table 2) . Patients with critical care exposure prior to amphotericin B, impaired immune function, liver dysfunction upon admission, or aplastic anemia/pancytopenia were more likely to be started on LF-AMB. Diabetes, cryptococcosis, candidiasis, and history of stem cell transplant were associated with starting on CAB. The specific hospital had a strong influence, perhaps driven by formulary guidelines, on the choice of amphotericin B formulation, as allowing each hospital to have its own intercept significantly improved model fit (P  0.001).
Outcomes
Crude analysis of in-hospital mortality favored initiation of CAB, with an OR of 1.53 for initiating LF-AMB (P = 0.02) ( Table 3 ). Among survivors, the observed pointestimate of post-amphotericin B LOS was nonsignificantly shorter in the CAB group (difference in LOS = 2.5 days shorter for CAB group, 95% CI: -6.1-1.1; P = 0.17).
The primary propensity score model and the less parse, secondary model based on stepwise regression both exhibited good calibration (Hosmer-Lemeshow statistics were either borderline significant [P = 0.03] for the primary model or nonsignificant [P = 0.16] for the stepwise model). The mean propensity scores for the CAB and LF-AMB groups were 0.35 and 0.66, respectively. While not a goal of the propensity score modeling, we did observe relatively strong discrimination (high area under the receiver-operating characteristic curve values) of 0.83 and 0.82 for the primary and secondary models, respectively. Matching on the propensity to receive LF-AMB eliminated the significant differences in odds of mortality (OR = 1.05, 95% CI: 0.62-1.77; P = 0.85) and reversed the directionality of observed differences in post-amphotericin B LOS (difference in LOS = 2.6 days longer in the CAB group, 95% CI: -2.6-7.9; P = 0.32). Sensitivity analyses using the secondary propensity score based on stepwise regression and the alternative matching procedure based on greedy matching produced similar findings (results not shown).
nested model analysis
Sequentially adding covariates into our models for hospital mortality "explained" the effect of initial treatment (Table 4) . Addition of variables for demographics and baseline clinical status to the models had little impact, but addition of acuity variables eliminated differences in the odds of mortality across the treatment groups.
Discussion
To our knowledge, this is the first study to use real-world data to compare LOS and mortality in patients with IFIs initiated on CAB vs LF-AMB with clinical conditions warranting the submit your manuscript | www.dovepress.com
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Campbell et al use of LF-AMB. In evaluating 10 years of data on hospitalized patients with IFIs and evidence of renal impairment or other comorbidities or exposures that might put them at risk for CAB-associated toxicity, we found that approximately half were started on CAB. When physicians believe amphotericin B treatment is needed for patients with serious fungal infections, they have a choice between CAB and LF-AMB. The risk of nephrotoxicity associated with CAB is well documented, 4,18 and thus, particularly in patients with renal compromise or otherwise at risk for toxic effects, LF-AMB may be more appropriate. 19, 20 Preliminary descriptive analysis demonstrated that patients initiated on LF-AMB were generally sicker than those initiated on CAB. The multivariate model predicting LF-AMB initiation (vs CAB) extended this, and showed that critical care exposure and impaired immune function both doubled the odds of receiving LF-AMB. Based on the inclusion criteria (eg, history of kidney disease), all patients in the study were at risk for adverse effects of CAB. Absent these restrictions, we would have expected to see even more pronounced differences between the treatment groups, with greater acuity and comorbidity burden -particularly related to renal disease -among LF-AMB patients. We observed no clear trend toward certain types of variables (eg, higher baseline serum creatinine or a diagnosis of end-stage renal disease) being associated with LF-AMB. Most striking was the clustering of amphotericin B formulation by hospital, which may indicate that formulary requirements or other institutional practices are important drivers of amphotericin 
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Outcomes associated with amphotericin B formulations B choice. This implies that the clinical drivers of choice were very powerful to have emerged in the setting of apparently common administrative constraints. As many of the patients included here were from early in the study period, further research should examine trends in choice of formulation over time.
Raw hospital mortality was significantly higher and observed post-amphotericin B LOS nonsignificantly longer among patients initiated on LF-AMB prior to adjustment. Absent further analysis, a naïve interpretation would be that LF-AMB was inferior, with increased mortality potentially due to toxicity or to limited effectiveness in treating the fungal infection. However, the LF-AMB patients were sicker. Propensity score matching eliminated the differences in both acuity and effect, indicating that outcomes were driven by factors affecting choice of therapy. This was confirmed by the nested model exercise, which demonstrated that acuity variables accounted for the differences in mortality between the groups. These findings suggest that, contrary to the impression given by naïve analyses, the real-world effectiveness of the treatments is consistent with that found in randomized clinical trials.
9,21-24
A strength of our analysis is that our EHR-based data source includes clinical characteristics that are not available in administrative claims-based data, such as laboratory results. We attempted to minimize confounding in our multivariate adjustment by including numerous demographic characteristics, comorbidities, and encounter events in the propensity score and regression models. Nevertheless, we acknowledge that unmeasured variables may be causing residual bias. For example, we did not collect data on antifungal exposure subsequent to the amphotericin B orders, which may have provided further insight into patients' course of illness and, indirectly, severity of the fungal infection. Future analyses should investigate use of additional antifungals to better understand treatment sequencing and duration following initiation of amphotericin B. Information on specific institutional formulary policies would have been useful in controlling for a patient's potential to be treated with CAB vs LF-AMB, but was not available in Health Facts at the time this study was conducted. However, we observed in our analyses that a given hospital influenced its patients' starting formulations, and accounted for this in our outcomes analysis.
Conclusion
In an EHR database of patients with IFIs and contraindications to use of CAB, clinical factors appeared to drive therapeutic decisions regarding initiation of LF-AMB or CAB. 
